Background: Peripheral membrane proteins are targeted to the cytoplasmic face of specific intracellular membranes. The organelle-specific ligands recognised by peripheral proteins include both other proteins and lipids. Oxysterol-binding protein (OSBP) translocates from the cytoplasm to the Golgi apparatus on binding oxygenated derivatives of cholesterol. The mechanism by which OSBP recognises the Golgi is unknown. It does, however, contain a pleckstrin homology (PH) domain, which in other proteins has been found to mediate regulated membrane binding, although in all previously studied examples the binding is to the plasma membrane.
Background
Many peripheral membrane proteins found on the cytoplasmic face of intracellular membranes have a distribution restricted to a specific organelle. The mechanisms underlying this specificity are largely unknown. Some peripheral proteins interact directly with the cytoplasmic domains of integral membrane proteins, the targeting of which is much better understood. Proteins containing Src homology 2 (SH2) or SH3 domains, for example, interact with specific membrane proteins via recognition of phosphotyrosine or proline-containing motifs. Other peripheral proteins apparently recognise a more general feature of the lipid bilayer, however, such as a membrane-specific lipid. Proteins with a high affinity for phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ), for example, are believed to be targeted to the plasma membrane as a result of receptor-mediated production of this lipid [1, 2] . Specific targeting of peripheral membrane proteins to internal organelles is less well understood than targeting to the plasma membrane and no general feature specific to the lipid bilayer of an internal organelle has, as yet, been identified [3] .
Oxysterol-binding protein (OSBP) provides an interesting example of a peripheral protein for which it might be possible to identify the organelle-specific ligand responsible for its localisation. OSBP was originally identified as the major binding activity for oxysterols in mammalian cytosol [4, 5] . Oxysterols are oxygenated by-products of cholesterol which are made in mitochondria at low concentrations and are potent down-regulators of intracellular cholesterol levels [6] [7] [8] . OSBP is normally distributed throughout the cytoplasm, but when oxysterols are added to cells it translocates to the Golgi apparatus [9] . Although the precise function of OSBP is unknown, overexpression of OSBP alters cholesterol regulation [10] , and disruption of the Golgi apparatus reduces the action of oxysterols on cholesterol synthesis [11] . It is possible, therefore, that oxysterol-dependent translocation of OSBP to the Golgi might affect cholesterol homeostasis. The mechanism for this could involve, for example, either the traffic of cholesterol-rich lipid microdomains [12, 13] or the activation of transcription factor precursors resident in the endoplasmic reticulum (ER), which regulate sterol metabolism [14] .
Analyses of deletion mutants of OSBP revealed that the carboxy-terminal half of the protein binds oxysterols, and that when this is removed the remainder of the protein localises to the Golgi in the presence or absence of oxysterols [9] . Subsequently, OSBP has been shown to contain a pleckstrin homology (PH) domain near its amino terminus [15] . A PH domain is also found in three homologues of OSBP in the budding yeast Saccharomyces cerevisiae, of which Osh1p is the most similar to OSBP (Figure 1 ).
PH domains are sequences of approximately 100 amino acids sharing some primary sequence and a lot of secondary and tertiary structure [15, 16] . Many proteins containing PH domains translocate to the cytoplasmic face of the plasma membrane to exert their actions, such as kinases (e.g. PKB and Btk), adaptor proteins (e.g. IRS-1 and Grb10), and regulators of small GTPases (e.g. Ras-GAP and SOS) [17] . In several cases, the PH domain has been shown to be required for translocation to the plasma membrane, and for some of these proteins, the PH domain can be functionally replaced by a membrane anchor such as a palmitoylation motif [17] . All previous studies of targeting by isolated PH domains have investigated domains which localise to the plasma membrane. However, a number of proteins with PH domains are localised to other compartments, including to the Golgi apparatus. In this study, we have investigated membrane targeting by the PH domain of OSBP. This domain was shown to be sufficient for Golgi-specific targeting of a reporter peripheral protein. This is the first case of a PH domain mediating specific targeting to an intracellular organelle. The ability to recognise the Golgi was also shown by the PH domain of Osh1p, but not by other PH domains. High level expression of the PH domain of OSBP markedly disrupted Golgi structure and blocked the exocytic pathway. These results suggest that the ligand for the PH domain of OSBP is evolutionarily conserved and important for Golgi function. In addition, we have identified a role for phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ), or a closely related phosphatidylinositide, in this localisation. Given that these phospholipids are not uniquely restricted to Golgi membranes, our results imply that localisation requires a second, Golgi-specific feature.
Results

Golgi targeting by the PH domain of OSBP
To examine the role of the PH domain of OSBP (OSBP PH) in targeting to the Golgi apparatus, COS cells were transfected with a plasmid expressing green fluorescent protein (GFP) fused to OSBP PH. As a control, cells were also transfected with a plasmid expressing GFP fused to a different PH domain, that of β1Σ2 spectrin. Twenty four hours after transfection, the intracellular distribution of the GFP chimeras was examined by fluorescence microscopy of live cells. The OSBP PH-GFP fusion protein was concentrated in brightly fluorescent perinuclear ribbons, characteristic of the Golgi apparatus ( Figure 2a ). In contrast, cells expressing the spectrin PH-GFP fusion protein showed diffuse cytoplasmic fluorescence with no concentration in any part of the cell. We also examined the intracellular localisation of GFP fusions with PH domains from two other proteins, phospholipase C δ1 (PLCδ1) and ARNO, a recently described ADP-ribosylation factor GDP/GTP exchange factor [18] . Both showed a diffuse distribution throughout the cell similar to that seen with the spectrin PH domain (Figure 2a and data not shown). To confirm that the Golgi was the organelle bound by the OSBP PH domain, cells were fixed and permeabilised and OSBP PH-GFP was found to colocalise almost entirely with β′-COP and TGN46, markers of the cis/medial-Golgi and the transGolgi network, respectively (Figure 2c and data not shown) [19, 20] . Immuno-electron microscopy of cryosections of transfected cells showed that the fusion protein was concentrated on one side of the Golgi stack and in an adjoining reticular tubular network that could also be labelled with antibodies to the TGN46 marker (Figure 2b ). In addition, in some higher expressing cells, staining could be seen to extend further into the stack (data not shown).
We were able to exclude various trivial explanations for this distinctive behaviour of the OSBP PH domain. Firstly, analysis of expressed proteins by western blotting Structures of intact OSBP and GFP-PH domain fusion proteins. (a) Mammalian OSBP contains two readily identifiable structures: a PH domain (residues 87-185) and a domain (residues 417-750) that binds to oxygenated sterols, which is present in all other OSBP homologues [9] . S. cerevisiae has seven genes encoding homologues to OSBP. Three contain PH domains, of which Osh1p is the most similar to OSBP (26% identity). Osh1p also contains two ankyrin repeats. (b) Structure of the GFP fusion proteins containing the PH domain from OSBP or Osh1p. Further PH domains were also expressed fused to GFP in a similar way. showed that the different PH domain fusion proteins all accumulated as intact GFP-tagged molecules, indicating that the diffuse distribution does not reflect degradation of the PH domain (data not shown). Secondly, Golgi localisation does not require the presence of GFP, as similar results were seen in fixed cells expressing OSBP PH tagged with Myc and influenza virus hemagglutinin epitope tags (data not shown). Taken together, these results demonstrate that OSBP PH is sufficient to target a heterologous protein to the Golgi apparatus. This is the first example of a PH domain which has been shown to localise specifically to a membrane other than the plasma membrane [17] .
The capacity of PH domains to recognise the Golgi is evolutionarily conserved
We next investigated whether any other PH domains had the ability to recognise a feature on the Golgi apparatus. Two other proteins containing PH domains have been previously proposed to be localised to the Golgi, protein kinase C-µ (PKCµ) and phosphoinositol 4-kinase-α (PI4Kα) [21, 22] . The PH domains from these proteins were also expressed in COS cells but showed no specific membrane localisation (data not shown). We also studied the PH domain from one of OSBP's full-length homologues in S. cerevisiae, Osh1p (Figure 1 ). The intracellular location, and indeed function, of this protein is unknown, but like OSBP it contains a PH domain in its amino-terminal portion [23, 24] . Moreover, the PH domain is the best conserved portion of the sequence outside of the carboxy-terminal oxysterol-binding domain, having 67% similarity (36% identity) with that of OSBP. When this domain was expressed in COS cells as a fusion to GFP, it was also localised to Golgi membranes (Figure 2a) . GFP fusions to three other PH domains from yeast proteins, Num1p, Stt4p and Cdc24p, gave a diffuse distribution (data not shown). Thus, whilst a PH domain may not be the sole targeting determinant in all Golgi proteins that contain one, the PH domain of OSBP is able to recognise a specific feature on the cytoplasmic face of the Golgi in a manner highly conserved through eukaryotic evolution. 
Recognition of the Golgi by the OSBP PH domain is inhibited by Brefeldin A
The nature of the feature on the Golgi recognised by the OSBP PH domain was investigated by treating cells with Brefeldin A (BFA), a drug that causes a rapid loss of coat components and peripheral proteins from Golgi membranes, followed by a retrograde traffic of Golgi membrane proteins to the ER [25] . Treatment of COS cells with BFA led to a rapid dissociation of OSBP PH-GFP from Golgi membranes, with most of the protein having dissociated within 2 minutes (Figure 2c ). Consistent with previous studies [25] , immunofluorescence confirmed that after this short BFA treatment coat proteins were fully dissociated (Figure 2c ), but Golgi-resident membrane proteins such as TGN46 and galactosyltransferase had not yet redistributed to the ER (data not shown). This suggests that the localisation of OSBP PH is not simply the result of tight binding to an integral membrane protein of the Golgi.
The effect of high levels of expression of OSBP PH on the Golgi apparatus
OSBP is known to translocate to the Golgi only in response to exogenous signals [9] . This raises the issue of whether the feature recognised by the PH domain exists solely to provide a target for this translocation, or whether it is also recognised by other peripheral proteins of the Golgi. Some indication that the latter is the case is provided by the effect of expressing the OSBP PH domain at high levels. The distribution of the PH-GFP fusion protein shown in Figure 2 is that seen in cells 24-30 hours post-transfection. Most of the GFP is localised to the Golgi, with small amounts also present in the nucleus and cytosol. At higher expression levels obtained with stronger promoters and at longer times after transfection, however, OSBP PH fusion protein could be seen to be accumulating throughout the cell (Figure 3a ). In these higher expressing cells, not only was the protein mostly dispersed, but the residual Golgi-localised protein was no longer in a clearly connected structure, but instead was either vesiculated or absent, suggesting that the Golgi was disrupted in some way. Analysis of cellular proteins by protein blotting showed that the expressed OSBP PH remained intact (data not shown), and the effect was seen irrespective of whether the PH domain was tagged with GFP or a peptide, or whether the OSBP or the yeast Osh1p PH domain was used (Figure 3a ). Figure 3a shows that the localisation of some endogenous Golgi proteins was also strikingly disturbed in the overexpressing cells. Firstly, the membrane protein TGN46 was either dispersed or apparently absent in the highest expressing cells. A similar result was seen with galactosyltransferase (data not shown). Secondly, γ-adaptin, a component of the peripherally associated Golgi-specific AP1 coat, was completely redistributed to the cytoplasm ( Figure 3b ) and a similar result was seen with the Golgi-specific AP3 adaptin, and with Golgi-associated clathrin, but not with plasmamembrane-associated clathrin (data not shown). As the transiently transfected cells are only a fraction of the population, it was not possible to determine whether the dispersed proteins are degraded. This seems unlikely though, at least initially. γ-Adaptin is clearly visible dispersed in the cytoplasm (Figure 3b) , and for the membrane proteins the cells with intermediate levels of expression showed many small scattered structures (Figure 3a , second row), suggesting that the initial fate is membrane vesiculation with the ultimate lack of staining possibly reflecting the dispersal of small vesicles throughout the COS cell cytoplasm. There was no evidence of the Golgi proteins returning to the ER.
These effects on the Golgi markers were seen with both the OSBP and Osh1p PH domains, but were not seen with any other PH domain. This is illustrated in Figure 3a with the spectrin PH domain and TGN46, but no effect on any Golgi marker examined was seen in cells expressing the spectrin, PLCδ1 or ARNO PH domains, even at the highest levels (data not shown). These effects of OSBP PH were not restricted to COS cells, as dispersal of peripheral proteins and loss of Golgi residents were also seen in transfected NRK cells (data not shown). In addition, overexpression of the OSBP and Osh1p PH domains, or indeed the spectrin, PLCδ1 and ARNO PH domains, did not have any discernible effect on other organelles such as the ER or lysosomes (Figure 3b ). Interestingly, proteins of the cis side of the Golgi, such as syntaxin 5 or β′-COP, were less markedly affected, with only partial disruption in the highest expressing cells (Figure 3b and data not shown). These results suggest that a saturating level of the Golgi-targeted PH domains specifically disrupts the Golgi apparatus.
Overexpression of the OSBP PH domain blocks exocytic traffic
The severe perturbation of the Golgi apparatus induced by high levels of the OSBP PH domain might be expected to interfere with the exocytic pathway. To investigate this, epitope-tagged PH domains were coexpressed with a version of the ts045 mutant of vesicular stomatitis virus (VSV) G protein fused to GFP [26] . In cells maintained at 39.5°C, this mutant protein cannot fold and accumulates in the ER. Upon cooling to the permissive temperature of 31°C, however, the protein folds and traffics from the ER to the cell surface. Figure 4 shows this process in cells overexpressing the spectrin PH domain, where traffic is apparently unaffected and the protein is mostly at the plasma membrane after 2 hours. In cells expressing high levels of the OSBP PH domain, the VSV G protein is still able to exit the ER and accumulates in a perinuclear region, indicating that protein export from the ER is still functional. Progress beyond this point is blocked, however, with bright Golgi staining still visible even after 2 hours, a time when no such localisation is seen in cells expressing the VSV G protein alone, or with the spectrin PH domain.
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Figure 4
Overexpression of OSBP PH blocks export of VSV G protein from the Golgi apparatus. The fact that the VSV G protein is able to accumulate in a post-ER structure in cells overexpressing the OSBP PH domain suggests that a residual cis-like Golgi structure is still present, consistent with the lack of complete dispersal of cis markers such as COP I. Overall, these results indicate that overexpression of the OSBP PH domain does not prevent transport from ER to cis Golgi, but that there is no transport beyond this point as the latter parts of the Golgi are dispersed. This suggests that saturation of the Golgi binding sites for the OSBP interferes with the action of a protein or proteins required for normal Golgi structure or function.
Binding of the OSBP PH domain to purified Golgi membranes
To further investigate the binding of OSBP PH to Golgi membranes, we developed two in vitro assays. In the first of these, semi-permeabilised NRK cells were incubated with purified recombinant PH-GFP fusion proteins and, in the presence of an ATP-regenerating system, OSBP PH-GFP was found to be colocalised with TGN38 and γ-adaptin (data not shown). As a more quantitative approach to study the Golgi binding, bacterially expressed OSBP PH-GFP was incubated with purified rat liver Golgi membranes. Membranes were then pelleted, and the bound PH domain quantified by either fluorimetry or protein blotting (Figure 5a ). The binding of up to 20% of added OSBP PH-GFP was detected, which was inhibited more than 90% by the addition of excess OSBP PH without GFP and was also not seen with other membranes, such as mitochondria. The PH domains of spectrin, PLCδ1 and ARNO, also expressed fused to GFP, all showed little membrane binding. Thus, the in vitro assay recreates the membrane specificity of PH domains seen both in whole cells and in semi-permeabilised cells. In vitro binding of the OSBP PH domain required ATP, as binding without ATP was inhibited by 75%. Binding did not need cytosol, rather cytosols derived from pig brain or rat liver inhibited binding by approximately 50% (data not shown). These results imply that binding of OSBP PH requires an ATPdependent activity present on Golgi membranes. Inclusion of [γ 32 P]ATP in these incubations revealed that OSBP PH was not phosphorylated during in vitro binding (data not shown). Salt-washing or pre-treatment of membranes with trypsin or chymotrypsin (3 mg/ml, 30 minutes, 0°C, which is sufficient to remove all detectable syntaxin 5) did not affect binding of OSBP PH.
Several PH domains have previously been shown to bind PI(4,5)P 2 [17, 27] . When Golgi membranes were pre-incubated with bacterially expressed PLCδ1, which removes the head-group from PI(4,5)P 2 , there was a 90% inhibition in binding of OSBP PH (Figure 5b ). This effect was not the result of competition between OSBP PH and the PH domain of PLCδ1, as the inhibition required 10 µM free calcium, which is an essential co-factor for catalysis by PLCδ1, but is not involved in binding by its PH domain [28] . Additionally, an amino-terminally deleted form of PLCδ1 missing the PH domain inhibited 80% of OSBP PH binding and also required calcium for inhibition. The reduction in inhibitory effect caused by amino-terminal deletion of PLCδ1 may result from the inability of PLCδ1 to carry out processive catalysis in the absence of its PH domain [28] . Since PLCδ1 cannot accommodate 3-phosphorylated inositides in its active site, these results suggest that the binding of OSBP PH is dependent on PI(4,5)P 2 , or phosphatidylinositol-4-phosphate (PI(4)P), or possibly the newly identified PI(5)P [29, 30] .
For several PH domains it has been shown that the PIP phosphates are bound by conserved basic residues. The OSBP PH domain has several of these residues, including a highly conserved arginine (residue 108) which is conserved in many PH domains and has been shown in several cases to be essential for PIP binding [31, 32] . A mutant form of the OSBP PH-GFP fusion protein in which this arginine 108 and the adjacent arginine 107 were altered to glutamate (OSBP-RR→EE) was expressed in COS cells. The mutant protein accumulated to similar levels to the wild-type protein but showed a diffuse distribution, although some faint Golgi staining was still visible in some cells (Figure 2d ).
Quantitation of binding to Golgi membranes and liposomes
The affinity of OSBP PH for purified Golgi membranes was determined by using fluorimetry to quantify the amount of OSBP PH-GFP bound in the presence of increasing amounts of untagged OSBP PH (Figure 5c ). Scatchard analysis indicated a dissociation constant of 1.9 µM (± 0.4, n = 3) and a number of binding sites of 2.7 nanomoles per mg Golgi protein (± 0.3, n = 3). If these binding sites consist of a protein receptor, then assuming a 1:1 stochiometry and a molecular weight of 60,000 kDa, the OSBP PH receptor would make up approximately 18% by weight of Golgi protein, which seems unlikely. Binding to a phospholipid species such as a PIP, however, would better explain this result. It has been estimated that the ratio by weight of membrane protein to phospholipid is 3:2 [33] , 10% of which is PI [34] . Hence, there are approximately 70 nanomoles of PI per mg Golgi protein, and so 1:1 binding of OSBP PH to a PIP could be accounted for if only 4% of Golgi PI were correctly phosphorylated to make an appropriate binding site. Therefore, the number of binding sites for OSBP PH in this in vitro assay suggests that OSBP PH binds to a minor Golgi phospholipid species, such as PI(4,5)P 2 , the level of which in whole cells is 2-4 PI(4,5)P 2 per 100 PI molecules [35] .
The affinity of OSBP PH for purified PI(4,5)P 2 and PI(4)P was examined by isothermal microcalorimetry, using liposomes containing 5% PIP and 95% dimyristoylphosphatidylcholine (DMPC). Analysis of data from three separate experiments showed that the proportion of PI(4,5)P 2 molecules available for binding was 53% (± 7%), compatible with the lipid being distributed equally between both sides of the liposome bilayer. No binding was detected between OSBP PH and liposomes containing PI, and the K d values obtained for PI(4,5)P 2 and PI(4)P were 0.34 µM (± 0.11) and 0.71 µM (± 0.36), respectively. This is a higher affinity than seen with other PH domains binding to PI(4,5)P 2 , such those of PLCδ1 and SOS [36, 37] .
In contrast, OSBP PH showed no reaction in calorimetric titrations with either IP 3 or glycero-PI(4,5)P 2 , suggesting a low affinity of OSBP PH for molecules containing the OSBP PH does not bind IP 3 . BIAcore measurements of liposomes containing PI(4,5)P 2 (final concentration 1 µM) binding simultaneously to three different PH domains (a) in buffer alone or (b) in the presence of 2.5 mM IP 3 . At t = 0, liposomes (mixed phospholipids containing PI(4,5)P 2 , 1 µM final concentration) were injected for 3 min over immobilised OSBP PH, the PH domain of β1Σ2 spectrin (both as fusion proteins with GFP) and full-length PLCδ1, as indicated. In (b), 2.5 mM IP 3 was added for 3 min before liposomes, and during the injection of liposomes, which was followed by buffer only, accounting for the sharp vertical rise and fall in sensorgrams at -180 sec and +180 sec, respectively. Liposomes without PI(4,5)P 2 showed no binding. Buffer only head-group of PI(4,5)P 2 in the absence of a lipid environment (data not shown). This result was confirmed by competition studies between IP 3 and PI(4,5)P 2 using surface plasmon resonance to follow binding of liposomes to immobilised PH domains ( Figure 6 ). Simultaneous binding of liposomes to three different PH domains showed that, as expected, both OSBP PH and full-length PLCδ1, but not the PH domain of β1Σ2 spectrin, bound to liposomes containing PI(4,5)P 2 (final concentration 1 µM, Figure 6a ). IP 3 at 2.5 mM failed to compete with the binding by these liposomes to OSBP PH (Figure 6b ). In contrast, the binding of the same liposomes to full-length PLCδ1 was entirely inhibited by excess IP 3 , as expected from previous work [38] . Thus, the affinity of OSBP PH for IP 3 is at least 100-fold less than that for PI(4,5)P 2 .
Discussion
Previous studies have identified a role for PH domains in membrane targeting of proteins localised to the plasma membrane [27, 39, 40] . OSBP's localisation to the Golgi apparatus [9] led us to investigate whether a PH domain could be responsible for targeting to a membrane other than the plasma membrane.
The results of in vivo expression studies and in vitro binding assays show that the PH domain of OSBP is sufficient for Golgi targeting. This targeting was also shown by the PH domain of Osh1p, a yeast homologue of OSBP, but was not seen with any of the PH domains of other proteins tested, including those of other Golgi-localised proteins, and has not been seen in any previous study on PH domain localisation [17] . These results suggests that a determinant on the cytoplasmic face of Golgi membranes is specifically recognised by the PH domains of both OSBP and Osh1p, implying a high degree of conservation of the determinant in eukaryotes. In addition, it has recently been reported that deletion of the PH domain in OSBP results in a loss of both its ability to bind the Golgi and its function in cholesterol homeostasis [10] . Although this deletion could have affected the folding of the rest of the protein, it is at least consistent with the PH domain being necessary for Golgi targeting, as well as being sufficient.
A more general role for the Golgi determinant recognised by the PH domain of OSBP is suggested by the observation that high-level expression leads to the dispersal of peripheral and membrane proteins of the Golgi and disruption of exocytic traffic. The trans-Golgi is particularly affected, with complete dispersal of TGN46 and γ-adaptin, whilst newly assembled VSV G trimers still reach a post-ER compartment and COP I remains partially localised. It is not clear how the Golgi membrane proteins are dispersed. It appears that they enter small vesicles, either by specific budding or by less physiological fragmentation of membranes, and that these vesicles are then unable to fuse with any organelle. It should be stressed that the normal function of OSBP is unlikely to be to mediate the dispersal of the Golgi in response to oxysterols. Treatment of cells with 25-hydroxycholesterol does not lead to obvious disruption of the Golgi, and indeed OSBP in normal cells is present at levels so low that they preclude detection by immunofluorescence [9] . Rather it seems more likely that when OSBP performs its role in the presence of oxysterols it targets to the Golgi by recognising a binding site shared by other peripheral proteins, and that artificially increasing the level of OSBP PH titrates out these sites.
If there is a specific determinant that is recognised by OSBP and other Golgi proteins, the next issue is the nature of this determinant. Many PH domains bind PI(4,5)P 2 [17, 27] , but in some cases this binding is weak [17, 38] , and it has been suggested that in these cases the physiological ligand may instead be an unknown phospholipid or possibly a phosphoprotein [39] . For OSBP PH, however, isothermal calorimetric measurement showed high-affinity binding to PI(4,5)P 2 and PI(4)P (K d 0.34 µM and 0.71 µM, respectively). Further evidence that OSBP PH localisation is mediated by a PIP comes from the inhibition of OSBP PH binding following treatment of Golgi membranes in vitro by PLCδ1. OSBP PH has been recently shown to bind a broad range of PIPs with similar affinity, including PI(4,5)P 2 , PI(3,4)P 2 and PI(3,4,5)P 3 [41] . However, there are two lines of evidence against a role for 3-phosphorylated PIPs in localising OSBP PH to the Golgi. Firstly, PLCδ1 cleaves off PIP head-groups with a substrate preference PI(4,5)P 2 > PI(4)P >> PI, but cannot accommodate 3-phosphorylated PIPs in its catalytic site [29] . Secondly, targeting of OSBP PH to Golgi membranes in both COS cells and a semipermeable cell system was resistant to wortmannin at concentrations high enough (1 µM and 2 µM, respectively, data not shown) to significantly inhibit even the most wortmannin-resistant phosphoinositide 3-kinases currently known [42] . Hence, the candidate molecules for mediating OSBP PH targeting are PI(4,5)P 2 , PI(4)P or the recently identified PI(5)P [30] .
Despite being implicated as binding partners for Golgilocalised OSBP PH, PI(4,5)P 2 and closely related PIPs are found in other organelles, including the plasma membrane, where PI(4,5)P 2 is responsible for localising other PH domains [39, 40] . This implies either that Golgi-specific targeting uses a second ligand, or that PIPs are recognised in a specific context only present on Golgi membranes. The idea of a second ligand is compatible with studies showing that PH domains on plasma-membrane-targeted proteins are not always functionally interchangeable, despite binding similar PIPs in vitro, and also that a mutant form of the PH domain from SOS that is unable to bind PI(4,5)P 2 still localises to the plasma membrane [1, 32, 43] .
Protein-mediated targeting of OSBP PH to the Golgi could result from direct binding to a Golgi-specific protein in combination with PIP. Since OSBP PH binds Golgi membranes in vitro with approximately micromolar affinity at highly abundant sites, it does not appear that binding to both protein and lipid occurs in vitro. Nevertheless, such dual recognition might occur in vivo, leading to binding with higher affinity at a smaller number of sites. There are a number of examples of proteins binding directly to PH domains [17] . OSBP PH is one of several PH domains that have been suggested to bind the β subunit of heterotrimeric G proteins (Gβ) [44] , in particular interacting with the WD40 repeat regions of Gβ [17] . Gβ binding was examined using only a portion of OSBP with a 35-residue carboxy-terminal extension beyond the boundary of the PH domain [15, 44] , whereas the fusion proteins used in this study express only the PH domain, as defined by a consensus with over 70 other sequences [15] . Nevertheless, similar to the PH domain from β-adrenergic receptor kinase, membrane targeting of OSBP PH could result from synergistic binding to both PI(4,5)P 2 and Gβ at two distinct binding sites on the PH domain [45] . Alternatively, a Golgi-specific protein could act indirectly in vivo by modifying the OSBP PH domain, although we found no evidence for phosphorylation of OSBP PH during in vitro binding.
As an alternative to a second ligand, targeting may depend on a Golgi-specific context for the recognition of PI(4,5)P 2 that is derived from the unique lipid composition of the Golgi [34] . For many lipids, the composition of Golgi membranes is at levels intermediate between those of the ER and plasma membrane, while some phospholipids are specifically enriched in the Golgi [34] . It has been shown previously that the binding affinity of a PH domain to liposomal PI(4,5)P 2 can be modulated up to 10-fold by the liposomal phospholipid composition, and structural studies of isolated PH domains have suggested an important role for hydrogen bonding between basic residues and negative phospholipid head-groups [36, 46] . Since we have found that OSBP PH, in comparison with other PH domains so far described, has not only a high affinity for PI(4,5)P 2 in liposomes and membranes, but also an extreme (100-fold) preference for PI(4,5)P 2 compared to its head-group, it is possible that OSBP PH binding is highly dependent on the lipid composition of the bilayer.
Conclusions
OSBP PH specifically targets to Golgi membranes, recognising a functionally important determinant in a highly conserved manner. Furthermore, studies of specific membrane binding in vitro suggest that the determinant includes a PIP, with high-affinity binding directly to PI(4,5)P 2 . However, PI(4,5)P 2 and closely related PIPs are found on other organelles, including the plasma membrane. This implies that OSBP PH's targeting uses a second, Golgi-specific ligand, or involves recognition of PIPs in a Golgi-specific context. Our results imply that the OSBP PH defines a new class of PH domains which corecognise a PIP and another determinant, the combination of both providing specific Golgi targeting.
Materials and methods
Materials
Materials were from Sigma, unless otherwise stated. Monoclonal antibodies used were: 23C, anti-β′-COP [19] ; 100/3, anti-adaptin [47] ; MAC256, anti-KDEL [48] ; MAB422, anti-cathepsin D (Chemicon); 9E10, anti-Myc; and 12CA5, anti-HA. TGN46 and syntaxin 5 were detected with rabbit antisera [20] . [15, 18, 23, [49] [50] [51] . All sequences were cloned by PCR and checked by sequencing: (a) to (e) from human cDNA (Clontech), (f) from a plasmid containing the rat gene [40] , and (g) to (j) from S. cerevisiae genomic DNA. PH domains were cloned with an aminoterminal extension of GSMEQKLISEEDLRS and a carboxy-terminal extension of XNS (where X is encoded by the last two nucleotides from the source DNA and a guanine). Cdc24p had an additional HHHHHH at the carboxyl terminus.
Cloning PH domains
Plasmid construction
Each PH domain was fused to the carboxyl terminus of a thermostable, spectrally enhanced GFP [52] that was preceded by a short linker (MVTSPVEK) and followed by a single residue (L). Fusions were expressed from plasmid SAGMK1 [53] , which has a adenovirus major late promoter (plasmids pAGP(a-j)), and from SMH5, a plasmid derived from SAGMK1, with the cytomegalovirus immediate early gene promoter (plasmids pBGP(a-j)). HA-tagged PH domains had the sequence MEYPYDVPDYARS, followed by the PH domain. Plasmids containing His 6 -tagged PH domains are based on pTrcHisA (Invitrogen) coding for MGGSHHHHHH followed by a 24-residue spacer, then the PH domain. For fluorescent, His 6 -tagged expressed PH domains, the amino-terminal 34 residues are the same, followed by GSTKLP, then the coding sequence from the relevant pAGP plasmid.
Cell transfection and protein localisation
COS or NRK cells were transfected using DEAE-dextran as described previously [53] . After 4-24 hours, cells were split onto 8-well slides (C.A. Hendley (Essex) Ltd) and on the following day were treated with drugs or by temperature shift. Live cells expressing GFP fusions were examined immediately after mounting under a cover-slip in serum-free medium. Fixation, permeabilisation, and immunofluorescence using FITC, Texas red and Cy3 labelled secondary antibodies (Amersham) were performed as described previously [54] . Images were obtained on an MRC 600 Confocal microscope. Cryo-electron microscopy with anti-TGN46 and anti-GFP (gift of Ken Sawin) antibodies was performed as described [55] , and sections viewed in a Philips CM10 electron microscope.
Expression and purification of PH-domain-containing proteins
OSBP PH and PH-GFP fusion proteins, all tagged at the amino terminus with His 6 , were purified as native cytoplasmic proteins to approximately 90% purity from Escherichia coli on NTA-agarose (Qiagen), as described by the manufacturer. For isothermal calorimetry and surface plasmon resonance, proteins were further fractionated on High Performance S resin (Pharmacia) to obtain >95% purity.
Incubation of PH domains with Golgi membranes
Stacked Golgi membranes were purified from fresh rat livers as described [56] . Mitochondrial membranes were purified as described previously [57] . Incubations were in cytosol buffer (CB; 125 mM potassium acetate, 25 mM HEPES pH 7.4, 5 mM glucose, 2.5 mM magnesium chloride and 1 mM DTT) containing 2 mg/ml soybean trypsin inhibitor, PH-GFP fusion protein (final concentration 6 µg/ml), 5 µl membranes (final concentration 140 µg/ml). Other additions were as follows: ATP-regeneration system (8 mM creatine phosphate, 80 µg/ml creatine kinase type I and 1 mM ATP), or apyrase (5 IU/ml); nonfluorescent OSBP PH (de-salted into CB, at concentrations 1-800 µg/ml); purified GST-tagged PLCδ1 (full length, or with a deletion of residues 1-132, 0.3 mg/ml). For treatment with PLCδ1, membranes were preincubated for 10 min at 37°C with PLCδ1 and EGTA (0.5 mM), either with 0.5 mM CaCl 2 (free Ca 2+ 10 µM), or without added calcium (free calcium <10 nM). After incubation (10 min at 37°C) membranes were pelleted (11,000 g, 3 min) through a cushion of CB containing 200 mM sucrose, 1 mM ATP and 0.1 mg/ml hen lysozyme, and the pellets carefully rinsed. GFP in pellets and supernatants was quantified in an LS50 Spectrophotometer (Perkin Elmer): excitation 467 nm, emission 509 nm, slits 2.5 nm. Background was defined from assays where GFP fusions were added to supernatants after pelleting. Alternatively, membrane pellets were resuspended in 50 µl SDS sample buffer, and probed on protein blots with rabbit anti-GFP (gift of J. Haseloff) and HRP-conjugated anti-rabbit Ig (Bio-Rad). Blots were reprobed with rabbit anti-syntaxin 5 antibody (gift of M. Lewis) to confirm recovery of Golgi membranes.
Isothermal calorimetry
Liposomes containing PIPs (PI(4)P or PI(4,5)P 2 ) and a 19-fold excess (wt :wt) of DMPC were made up as described [38] except that the buffer used was 150 mM NaCl, 10 mM HEPES pH 7.5, 2 mM 2-mercaptoethanol (LB). Calorimetry was performed as described [38] . In other titrations, IP 3 and glycero-PI(4,5)P 2 were injected as the ligand into a solution of OSBP PH.
Surface plasmon resonance
A four-compartment NTA sensor chip was equilibrated in LB containing 25 µM EDTA (LBE) in a BIAcore 2000™ Biosensor (Pharmacia). Three His 6 -tagged proteins were immobilised: OSBP PH, the PH domain of β1Σ2 spectrin (both fused to GFP), and full-length PLCδ1. The amount of protein immobilised was proportional to its molecular weight. Liposomes containing PI(4,5)P 2 , DMPC and phosphatidylserine in molar ratio 1:20:20 were made as above, diluted in LBE to 1 µM PI(4,5)P 2 , resonicated, and injected over the sensor chip for 3 min at 25°C with a constant flow rate of 20 µl/min. The surface was regenerated by LBE containing 0.25% TX-100. Competition by IP 3 was examined with the 'co-inject' facility: 3 min of 2.5 mM synthetic D-myo-IP 3 was directly followed by 3 min of 2.5 mM IP 3 and 1 µM PI(4,5)P 2 , thereafter returning to LBE.
